Introduction

Definitions and Specifications
Any material that simulates a body tissue in its interaction with ionizing radiation is termed a tissue substitute [ICRU Report 44 (ICRU, 1989) ]. Specific radiation interaction coefficients such as linear attenuation coefficients and / or stopping powers are usually considered. A structure that contains one or more tissue substitutes and is used to simulate radiation interactions in the body is termed a phantom. A phantom may simulate a volume of body tissue with regard to anatomical structures such as shape and spatial mass-density distribution. Actual body organs and tissues may be incorporated within a phantom.
In this Report, the term "phantom" refers to a material object and will not be used to describe any mathematical representation of an organ, tissue or whole body. A conceptual representation of a specific body organ or a defined group of organs and tissues, generally expressed mathematically, will be termed a computational model.
Phantoms are used widely in radiotherapy, radiological imaging, nuclear medicine, radiation protection and radiobiology. The major application is in radiation dosimetry and as bolus 1 in radiotherapy. Other applications include their use in the calibration of radiation detector systems, assessments of image quality or imager performance and in the calibration of quantitative information derived from digital images. Consequently, phantoms may be broadly categorized according to their primary function as either dosimetric, calibration or imaging.
A dosimetric phantom is used for the measurement of absorbed dose in a specified geometry. The ab-1 Bolus is a tissue substitute placed in proximity to the irradiated object to provide extra scattering or build-up or attenuation in the beam. Its purpose is usually to even out the irregular contours of a patient in order to present a plane incident surface normal to the beam.
1 sorbed dose may be measured at a depth within the irradiated phantom. Such a phantom may also be used solely as a radiation scatterer so that the absorbed dose may be measured at a point external to the phantom.
A calibration phantom is used for establishing the response of radiation detectors and for correcting quantitative information derived from digital images. Active calibration phantoms contain known quantities of specified radionuclides. Inactive calibration phantoms are used only for their radiation interaction properties.
An imaging phantom is used for the assessment of image quality. As in the case of a calibration phantom, it may be active or inactive. An imaging phantom may have objects of specified dimensions that provide the required differential attenuation appropriate to the anatomical feature.
Within each of these functional categories there are three types or designs of phantoms and computational models, called body, standard or reference .
A body phantom has the shape and composition of a human body or part of it. A body phantom is generally composed of various tissue substitutes simulating the human body or part of the body with respect to size, shape, spatial distribution, mass density and radiation interactions. Geometries vary from the simple/ idealized to the complex /realistic. These latter phantoms are sometimes referred to as anthropomorphic phantoms. Animal phantoms simulate the shape and composition of whole animals.
The standard phantom was introduced in ICRU Report lOd (ICRU, 1963) and defined in ICRU Report 23 (ICRU, 1973) for radiotherapy dosimetry, when cubic water phantoms at least 30 cm on a side, were recommended for absorbed-dose determinations with photons. Standard phantoms have also been recommended for electrons [ICRU Report 35 (ICRU, 1984) ] and neutrons [AAPM, 1980; Broerse and Mijnheer, 1982; ICRU Report 45 (ICRU, 1990) ]. These phantoms, having simple reproducible geometry, are used to compare measurements under standard conditions of irradiation. Additional standard phantoms are introduced in this Report for the standardization and intercomparison of radiation conditions in radiodiagnosis.
A reference computational model is used in radiation protection for the definition of operational quantities for dose equivalent [ICRU Reports 33 (ICRU, 1980 ), 39 OCRU, 1985a and 43 OCRU, 1988) ]. A reference phantom may be used for the measurement of these quantities (Zielczynski and Marjanska, 1979; Alberts, 1988) . In ICRU Report 33 (ICRU, 1980) , a 30 cm diameter sphere was specified having an elemental composition of 10.1% H, 11.1% C, 2.6% N, 76.2% 0, by mass and a mass density of 1000 kg m -3 . In practical measurements, materials having elemental compositions and mass densities somewhat different from those specified are often used giving adequate accuracy, although elemental equivalence may be necessary with mixed radiation fields.
In practice, it is convenient to combine terms when describing a specific phantom; for example, standard dosimetric phantom, reference calibration phantom and anthropomorphic imaging phantom.
Often a number of tissue substitutes are present in a phantom. A homogeneous phantom is comprised of only one tissue substitute.
Certain of the terms described in this Section have been discussed in previous ICRU Reports [ICRU Reports 23 (ICRU, 1973 ), 24 (ICRU, 1976 ), 30 (ICRU, 1979 and 44 (ICRU, 1989) ]. The descriptions and definitions given here are intended to extend and supplement earlier specifications.
Brief History
Since the introduction of tissue substitutes at the beginning of this century (Kienbi:ick, 1906), phantoms in one form or another have been used extensively in experimental radiation dosimetry. By necessity, these phantoms have been fabricated from existing tissue substitutes, so the types and availability of suitable materials have strongly influenced the categories of phantoms in common use. For example, following the pioneering work of Kienbi:ick (1906 ), Christen (1913 ), Szilard (1914 ), Salmond (1914 ), Baumeister (1923 and others, water and wax were established as muscle or soft-tissue substitutes. Consequently, during the 1920's, experimental studies were predominantly based on tanks of water and blocks of wax. The type of wax used is not always clear from the early papers, but paraffin wax, beeswax, "unit density wax" and Columbia wax, a mixture of paraffin wax, beeswax and sawdust, were apparently popular. Reports of isodose curves measured around radium and radon sources using simple water or wax phantoms, together with comparable x-ray beam measurements, were plentiful at that time (Dessauer and Vierheller, 1921; Friedrich and Glasser, 1922; Schmitz and Huth, 1922; Quimby, 1928; Hoed and Stoel, 1929; Mayneord, 1929; Weatherwax and Widmann, 1929) .
The use of bolus during radiotherapy was also originated during the 1920's (Jungling, 1920) . Talc was one of the first materials to be used, but bolus alba (a mixture of flour and china clay), rice, dough and water bags were adopted by many radiotherapy centers (Westman, 1924; Failla, 1925; Stenstrom, 1926; Pettit and Landauer, 1933; Holfelder, 1933) .
A decade later it was reported that the attenuation coefficients of wax at low photon energies differed widely from those of muscle and soft tissues [e.g., discrepancy of 48% in mass attenuation coefficients at 20 keV (Mayneord, 1933; Quimby and Arneson, 1937) ]. High atomic number fillers, such as magnesium oxide and titanium dioxide were then added to correct for these deficiencies (Ott, 1937; Jones and Raine, 1949) . Phantoms fabricated from these improved wax-based tissue substitutes, in particular Mix D (Jones and Raine, 1949) and later M3 (Markus, 1956) , were employed widely in radiation dosimetry.
Corrective high atomic number fillers were also added to bolus materials when magnesium carbonate was combined with sucrose to form 'Lincolnshire bolus' (Lindsay and Stern, 1953) .
Dosimetric wood-based phantoms were introduced by Failla (1937) and were popular for many years (Quimby et al., 1938; Aebersold and Chaffee, 1939; Nahon and Hawkes, 1954; Trout and Kelley, 1972) . Cautionary reports, highlighting the variable photon attenuation properties of wood, were issued by Braestrup and Blatz (1940) and Spiers (1943) .
Although the impetus for the development of realistic body phantoms was not apparent until midway through this century, in 1924 Westman produced a pelvic phantom made of 'wax-plastic' for checking patient doses in gynecological radiotherapy. A few more early papers on realistic phantoms are to be found in the literature (Failla, 1925; May, 1934; Grimmett, 1939) , but most experimentalists at that time appeared to prefer phantoms with simpler geometries. The greater awareness of the importance of realism in body phantom design is illustrated in the work of Jensen (1945), Osborn et al. (1945) , Nahon and Hawkes (1954) , Wheatley and Lister (1957) , Lincoln and Gupton (1958) and others who produced a diverse selection of whole-body and partial-body phantoms (see Table 1 .1). Unfortunately, the limited availability of reliable tissue substitutes often re- Westman, 1924 J ensen, 1945 Osborn et al., 1945 Nahon and Hawkes, 1954 Wheatley and Lister, 1957 Lincoln and Gupton, 1958 Jacobs and Pape, 1961 Stacey et al., 1961 Alderson et al., 1962 Niki, 1965 Trout and Kelley, 1972 Garry et al., 1974 Griffith, et al., 1979 White et al., 1981 Alderson, 1987 Likhtarev and Litvinits, 1991 Description Pelvic phantom made of 'wax-plastic'. Used with bolus-alba for measuring depthdose distributions in gynecological radiotherapy. Human female pelvis, partially dissected, filled with bags of talc and ... "gathered in a canvas corset and wrapped in a sheet .... " Model of child's head made of wax filled with starch. Plywood thorax phantom Human skeleton impregnated with Mix D, contained in plastic shell; shell packed with Lincolnshire bolus; sawdust lungs. Adult, female papier-mache display manikin covered with thin layer of plaster and filled with wax; two empty polyethylene bottles for lungs. Adult, female fibreglass shell manikin filled with rice. Human skeleton embedded in a depolymerised natural rubber-based tissue substitute formed to realistic external body contours; latex lungs; body sliced. Human skeleton embedded in a synthetic isocyanate rubber-based tissue substitute formed to realistic external body contours; foam lungs, body sliced; cavities for thermoluminescent dosimeters. Human female pelvis, femurs and vertebrae embedded in wax-based tissue substitute, demountable uterus, fetus and abdomen. Three different abdomens and seven fetuses of different sizes available. " ... Masonite sheets in the shape of a torso .... " " Mr Adam. " First of a family of quasi-realistic phantoms based on mathematical organ models of Fisher and Snyder (1967, 1968 (1983) . Rossmann (1966) used a beads-needle phantom for studying some fundamental aspects of radiographic image quality, and later, similar systems were used for examining the visibility of fine details in radiographic images (Doi et al., 1981) .
The trend towards innovative body phantom design continued with the introduction, in the early 1960's, of two elaborate adult-sized body phantoms containing real skeletons, body cavities and artificial lungs. The phantoms were sliced to enable radiation dose-distributions to be obtained at selected body sites. These were the 'Temex' system of Stacey et al. (1961) and the 'Rando' system of Alderson et al. (1962) .
Most of the phantoms mentioned so far were designed for use in radiotherapy dosimetry. From 1970 to the present day, more phantoms have been produced for other applications such as radiodiagnosis and radiation protection. For example, imaging phantoms specifically for mammography have been introduced by Stanton et al. (1978) , Tonge and Davis (1978) and White and Tucker (1980) and for computed tomography by the American Association of Physicists in Medicine (AAPM, 1977) and White et al. (1981) . In addition, a number of imaging phantoms and test objects have been used for evaluating imaging performance in radiographic systems and also image intensifier-TV systems. Burger (1949), Sturm
With the introduction of new plastics and resinbased tissue substitutes, such as those using epoxy resins (White et al., 1977) , polyurethanes (Griffith, 1980) and polyethylene (Hermann et al., 1985) and associated fabrication techniques (see Appendix D), a wider range of high quality phantoms can now be manufactured. This is notably illustrated by the widespread use of the water substitute, WTl ("Solid Water") which is now challenging water as the preferred material for the standard dosimetric phantom in radiotherapy (Constantinou et al., 1982) .
Computational models were introduced in the 1960's. Initially, simple mathematical equations were used to represent the major body sections and organs of the adult human (Hayes and Brucer, 1960; Fisher and Snyder 1967, 1968) . Modifications to these models then extended their application to children, first by the use of scaling factors (Snyder and Cook, 1971) and then by reference to appropriate anatomical data (Hwang et al., 1975; Cristy, 1980) . During the last decade, tomographic imaging techniques [computed tomography (CT); magnetic resonance imaging MRI)] have been used to provide three-dimensional representations of body sections and organs for both adults and children (Gibbs et al., 1984; Williams et al. , 1987) . These models, together with appropriate radiation transport codes, have been used extensively for absorbed-dose estimations in radiation protection. (A more detailed amount of the development and use of computational models is given in Section 8.) National laboratories worldwide have also played a major role in the development of phantoms and computational models. In the U.S.A., a comprehensive evaluation of absorbed doses to body organs from incorporated radionuclides, using computational models, adult and pediatric body phantoms has been undertaken at the Oak Ridge National Laboratory (Snyder et al., 1974; Cristy, 1980) . Similarly, the Lawrence Livermore National Laboratory has developed a complex, thorax calibration phantom for the measurement of uranium and transuranic nuclides in lung tissue (Griffith et al., 1979 (Griffith et al., , 1984 . In the U.K., the National Radiological Protection Board has also been responsible for developing thorax calibration phantoms (Fry and Sumerling, 1982) , while in Germany, the Gesellschaft fiir Strahlen-und Umweltforschung (now re-named GSF-Forschungszentrum fiir Umwelt und Gesundheit) has developed computational models ("Adam" and " Eva") (Kramer et al., 1982b) . In St. Petersburg, Russia, the Research Institute of Sea Transport Hygiene, (Kovtun et al., 1990) and the Institute of Radiation Hygiene (Dolguirev et al. , 1973) and in Kiev, Ukraine, the All-Union Scientific Centre of Radiological Medicine (Likhtarev and Litvinits, 1991) , have produced phantoms for the in-vivo measurement ofradionuclides.
The National Institute of Radiological Sciences in Japan has been responsible for developing "Japanese (Asian) Reference Man" (Tanaka et al., 1979a) similar to the North American / European version developed by The International Commission on Radiological Protection (ICRP, 1975) . Anatomical data for "Chinese Reference Man" have been collected at the Laboratory of Industrial Hygiene in China (Chen, 1988) .
Better tissue substitutes and fabrication techniques lead to more reliable, realistic phantoms which, together with better computational models, inevita-bly lead to improved radiation dosimetry and measurement.
Scope of Report
The development of realistic body phantoms and computational models is strongly dependent on the availability of comprehensive human anatomical data. This information is often missing, incomplete or not easily available. Therefore, emphasis is given in this Report to organ and body masses and geometries. The influence of age, sex and ethnic origins on human anatomy is considered. Suggestions are given on how suitable anatomical data can be either extracted from published information or obtained from measurements on the local population. An accurate knowledge of the dimensions of the body and organs, as well as their variations within a given population, is important in radiation protection for the evaluation of the exposure of that population both for external and internal irradiation. In radiotherapy, this information is essential if the extent to which a phantom adequately represents a given proportion of the patients is being evaluated (e.g., ifthe relative merits of different irradiation techniques are being assessed).
Existing types of phantoms and computational models used with photons, electrons, protons and neutrons are reviewed in this Report. Specifications of those considered important to the maintenance and development of reliable radiation dosimetry and measurement are given. For convenience, the phantoms are discussed under the specialties in which they are used, namely radiotherapy, diagnosis, radiation protection and radiobiology. In each specialty, the Report states the phantom requirements, critically reviews the phantoms that are in use and, where necessary, suggests improvements and additions.
The Report deals predominantly with phantoms and computational models representing the human anatomy, with a short Section devoted to animal phantoms in radiobiology. Unless stated to the contrary, all the phantoms and computational models presented are appropriate to healthy humans.
The specifications of phantoms and computational models are presented in the Appendices. The information provided includes a description of the phantom or model, together with diagrams or photographs and physical dimensions. The tissues within body sections are identified and the tissue substitutes used or recommended are listed. The uses of the phantom or model in radiation dosimetry and measurement are outlined.
The Report has nine Sections and five Appendices. An account of human anatomy is given in Section 2. The specifications of typical body shapes and physical dimensions (external and internal) are presented for the major populations of the world. Section 3 sets out the general selection requirements (either related to radiation or not) for all types of phantoms. The next four Sections deal with phantoms in radiotherapy, diagnostic procedures, radiation protection and radiobiology, respectively. Computational models are discussed in Section 8. Concluding remarks and recommendations are given in the last Section. Anatomical data for males and females of different ethnic origins are presented in Appendix A (Tables A.2 to A. 7). The specifications of the selected phantoms and computational models are given in Appendices B and C. Appendix D gives details of fabrication techniques for the main phantom types. The final Appendix outlines the quality assurance procedures that should be adopted during acceptance testing and the subsequent routine use of a phantom or computational model.
No attempt has been made to include every phan-1.3 Scope of Report ... 5 tom or computational model that has been reported in the literature. The Report does not deal with imaging test objects such as flood-field phantoms, bar phantoms, contrast-detail phantoms, star patterns, wire mesh, step-wedges, pinholes, and slits and knifeedges, which are unrelated to human anatomy. The primary purpose of using such test objects is generally concerned with quantitative analysis of imaging performance. Similarly, phantoms designed specifically for training purposes, such as articulated manikins used for practicing x-ray imaging procedures, are not included. The phantoms and models that are selected for inclusion in this Report are representative of those in common and restricted use in radiation therapy, diagnosis and protection involving ionizing radiations.
The inclusion in this Report of a phantom or computational model available commercially does not in any way constitute an endorsement of that product.
